We compared the protein and glycoprotein patterns of 39 Bacillus stearothermophilus strains of various origins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The ultrastructures of the cell walls of intact cells were examined by freeze-etching, negative-staining, and thin-sectioning techniques. A total of 30 strains possessed a paracrystalline protein or glycoprotein surface layer (S-layer) which resembled the highest-molecular-weight band(s) on the electrophoretograms. We found a remarkable heterogeneity in the molecular weights of the S-layer subunits and the geometry and constants of the S-layer lattices, even among closely related strains. All of the strains examined were equally susceptible to lysozyme, indicating that the S-layers have pores at least 3.5 nm wide.
Paracrystalline cell wall surface layers (S-layers) are present on a wide rapge of gram-positive and gram-negative eubacteria and archaebacteria (4, 9, 32, 33, 35, 36, 42) . Highresolution electron microscopic studies have revealed that these layers completely cover the cell surface and have hexagonal, square, and oblique lattices. The morphological units composed of hexamers, tetramers, or dimers exhibit center-to-center spacings ranging from 5 to 20 nm.
Chemical analyses of the S-layers have shown that they are composed of protein or glycoprotein subunits with molecular weights ranging from approximately 40,000 to 200,000. Self-assembly experiments with isolated S-layer subunits have demonstrated that the information for the geometry of the lattices and for the orientation of the regular arrays on intact cells is determined by the molecular structure and the directional bonds of the lattice protomers, not by the underlying cell wall or envelope layer onto which the subunits assemble. The assembly and free rearrangement on the cell surface are entropy-driven processes and result in the formation of a closed, highly ordered protein meshwork during cell growth. Thus, the paracrystalline S-layers on bacterial cells can be considered the simplest protein membranes developed during evolution.
Compared with the considerable amount of knowledge on the structure, chemistry, and assembly processes of Slayers, very little is known about their functional significance. Like other bacterial cell wall surface structures, they most likely evolved as a consequence of selective pressures generated by the interactions between the cells and their environment. As recently reviewed (36) , the information available so far indicates that closed S-layers have the potential to function as (i) barriers against external or intprqal factors, (ii) supporting protein frameworks involved in maintaining the shape of the cells in organisms which possess no rigid envelope layer, and (iii) promoters for surface recognition and cell adhesion. In conclusion, it appears that a universal functional principle does not exist.
Most of the studies on the structure, chemistry, assembly, and function of S-layers have been done by using single, selected strains of a given species. Comparative studies on the existence of S-layers in individual strains of a species have been performed only for Clostridium therrnohydrosul-furicurn, Clostridium thermosaccharofyticum (12) , Bacillus sphaericus (44) , Pseudomonas sp. (16, 17) , and Aquaspirillum serpens (5a, 40a).
In this paper we describe studies on the distribution and characterization of paracrystalline S-layers in 39 strains of Bacillus stearothermophilus from different habitats.
MATERIALS AND METHODS
Bacterial strains. The strains used in this study are listed in Table 1 . The isolates from deep sea sediments were identified as B . stearothermophilus on the basis of the following morphological, biochemical, and physiological characteristics: rods 0.5 to 1.0 by 2 to 3.5 pm; spores ellipsoidal and subterminal; sporangia swollen; positive reactions for catalase (strain 20-M was negative), citrate (strains 20-M and 21-M were negative), and casein hydrolysis (strains 20-M and 25-M were negative); growth at 65°C; and negative reactions For anaerobic growth, the Voges-Proskauer test, growth in 5 and 7% NaCl, growth at pH 5.7 (strain 25-M was positive), growth in 0.02% azide broth, hydrolysis of starch (strains 20-M and 21-M were positive), utilization of propionate, reduction of NO3-to NOz-, and decomposition of tyrosine.
Chemicals. The growth media were obtained from Difco Laboratories, Detroit, Mich., and Oxoid Ltd., Basingstoke, United Kingdom. Lysozyme was obtained from Serva, Heidelberg, Federal Republic of Germany, and the protease inhibitors were from Sigma Chemical Co., St. Louis, Mo. All other chemicals were of analytical grade and commercially available.
Growth conditions. The bacteria were first grown on S-VIII agar plates (1) at 60°C. S-VIII medium contained 10.0 g of Bacto-Peptone (Difco), 5.0 g of yeast extract (Oxoid), 5.0 g of Lab-Lemco powder (Oxoid), 0.6 g of sucrose, 1.3 g FeS04 7H20, and 1 liter of distilled water, and the pH of this medium was 7.0 10 7.2. Erlenmeyer flasks (300 ml) containing 50 ml of S-VIII medium were inoculated from the plates and were incubated overnight at 60°C. Portions (2 ml) of the resulting bacterial suspensions were transferred into 300-ml flasks containing 50 ml of S-VIII medium, and these preparations were grown for 8 h at 60°C in a GFL water bath (shaking frequency, 100 cycles per min). The contents of the flasks were used immediately for the studies described below. All subsequent procedures were performed at 4°C unless indicated otherwise.
of K2HP04'3R20, 0.1 g of MgS04'7H20, 0.01 g of Preparation of cell walls and S-layers. The S-layers were prepared exactly as described by Sleytr and Glauert (34), with one exception. The cells were disrupted with a Branson model B-15P cell disruptor (Branson Sonic Power Co., Danbury, Conn.) at maximum output for 5 min, and the cell suspension was kept at 0°C in an ice bath.
Treatment with inhibitors of proteases. Samples of bacteria which did not reveal a high-molecular-weight band (S-layer band) after sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) were subjected to treatment with protease inhibitors. After growing in the Erlenmeyer flasks, the bacterial suspensions were centrifuged in a Heraeus Christ Labofuge I at 5,000 x g for 10 min. The pellet from one flask was suspended in ethanol (1.5 ml) containing phenylmethylsulfonyl fluoride (2 mM), benzamidine (2 mM), and 1,lO-phenanthroline (2 mM) and kept at 4°C for 30 min. Subsequently, 1.5 ml of 50 mM tris(hydroxymethy1)aminomethane hydrochloride (Tris-HCI) buffer (pH 7.2) containing €-amino-n-caproic acid (10 mM), ethylenediaminetetraacetate (4 mM), pepstatin (0.02 mg/ml), chymostatin (0.02 mg/ml), leupeptin (0.02 mg/ml), and antipain (0.02 mg/ml) was added, and the reaction mixture was kept at 4°C for 1 h. After sedimentation by centrifugation at 5,000 x g for 10 min, the cells were immediately subjected to the pretreatment procedures for SDS-PAGE, freeze-etching, and thin sectioning .
Lysozyme test. The bacterial suspensions without protease inhibitors were centrifuged for 10 rnin at 5,000 X g, and the pellets were suspended in SO mM Tris-HC1 buffer (pH 7.2) at 22°C and diluted to an optical density at 600 nm of 20.600. A lysozyme solution (0.03 ml; 0.5 mg of lysozyme per ml in 50 mM Tris-HC1 buffer, pH 7.2) was added to 3 ml of each bacterial suspension, and the preparations were incubated for 30 rnin at 22°C (25) . The decrease in the optical density at 600 nm of each bacterial suspension with and without lysozyme was measured with a Beckman model 25 spectrophotometer, using S-VIII medium as a blank. The accompanying cell lysis was observed under phase-interference contrast by using a Reichert-Jung Polyvar microscope (Reichert AG, Wien, Austria).
SDS-PAGE. The bacterial suspensions were centrifuged for 10 min at 5,000 x g, and the resulting pellets were washed with 50 mM Tris-HC1 buffer (pH 7.2). After sedimentation the samples that were not processed immediately were frozen and stored at -20°C. The washed cell pellets (40 to SO mg, both with and without protease inhibitors) or 10-mg portions of isolated cell wall preparations or S-layer selfassembly products were suspended in approximately 1.2 ml of 50 mM Tris-HC1 buffer (pH 7.2), and solid SDS was added to the solutions (4 mg/lO mg of cell pellet).
After boiling in a water bath for 15 rnin and cooling, the SDS-insoluble materials were removed by centrifugation. The resulting clear supernatants were withdrawn, and 0.02-to 0.05-ml samples were mixed with 0.02 ml of an equilibration buffer containing 10 mM Tris-HC1 (pH 7.2), 0.02% ethylenediaminetetraacetate, 1% SDS, 1% 2-mercaptoethanol, 10% glycerol, and 0.01% bromophenol blue and incubated for 30 rnin at 60°C.
The gel systems used were adapted from those of Maize1 (19) , and the buffers used were those described by Laemmli (15) . Electrophoresis was performed in a model GE-4 slab gel electrophoresis apparatus (Pharmacia, Uppsala, Sweden).
The samples (0.03 to 0.05 ml) were applied to slab gels (20 by 20 cm) with 4% stacking gels and separation gels with linear gradients from 10 to 30%. 3-Dimethylamino-propionitrile (0.01%) was used as the catalyst (initiator) instead of N,N,N',N'-tetramethylethylenediamine; in this way the rate of polymerization could be slowed sufficiently to allow for the preparation of the gradient (27) . The samples were run at an initial current of 150 mA, and after the samples entered the separation gel, the current was increased to 210 mA. Bromophenol blue was used as a marker dye. Electrophoreses were terminated when the dye reached the bottom of the gels. During the procedure the temperature was kept at 10 to 12°C. Staining with Coomassie blue G-250 was carried out overnight at 60°C. The gels were then destained with 10% acetic acid, and photographs were taken.
For molecular weight determinations the SDS extracts were diluted with buffer to obtain sufficiently weak S-layer bands. Samples were run on slab gels (20 by 20 cm) with 4% stacking gels and 7% separation gels at a constant current of 210 mA and stained as described above. High-molecularweight calibration kits obtained from Boehringer, Mannheim, Federal Republic of Germany, and Bio-Rad Laboratories, Richmond, Calif., were used for the molecular weight determinations.
Glycoproteins were detected on small gels (8 by 8 cm) with 4% stacking gels and 10% separation gels. The initial current was 80 mA, and after the samples entered the separation gel, the current was increased to 120 mA.
Two different periodic acid-Schiff staining procedures were used (8, 29). The method of Segrest and Jackson (29) was used after exhaustive removal of SDS from the gels (8). Each protein extract (obtained from at least two identically grown cultures) was analyzed in two different electrophoretic experiments.
Freeze-etching. Federal Republic of Germany) freeze-etching unit. The etching temperature was -98"C, and the samples were etched for 2 min. After platinum-carbon shadowing and carbon coating the replicas were cleaned with 30% chromium oxide and picked up on uncoated copper grids.
Thin sectioning. For ultrathin sections the bacterial suspensions were centrifuged for 10 min at 5,000 x g, and the resulting pellets were fixed in a 5% acrolein-1% glutaraldehyde-0.1 M sodium cacodylate (pH 7.0) solution at room temperature for approximately 3 h. The supernatants were discarded, and the samples were washed twice with cacodylate buffer. The cells were then fixed for 1 h in 1% osmium tetroxide in cacodylate buffer containing 0.2 mg of ruthenium red per ml (the latter was added just before use). After fixation the pellets were washed once with the same buffer and twice with water and treated with a 1% aqueous solution of uranyl acetate for 45 min; this was followed by two washes with water. Each preparation was then directly dehydrated with dimethoxypropane (24) and embedded in Spurr resin.
Ultrathin sections were cut with a Reichert-Jung Ultracut ultramicrotome (Reichert AG), mounted on Formvar-coated copper grids, and stained with lead citrate (28).
Negative staining. Negative staining was performed on 300-mesh copper grids by using a Formvar-supported film that was stabilized by vacuum deposition of carbon and rendered hydrophilic by glow discharge.
The grids were floated on 1 drop of a cell wall or S-layer suspension and moved into several drops of distilled water and then into another drop of negative stain. The excess fluid was removed by using filter paper. Alternatively, adsorbed specimens were chemically fixed by floating the grids on 1 drop of 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.0) for 20 min before transfer to several drops of distilled water and the negative-staining solution. The negative stains used in this study included 2% ammonium molybdate (pH 7.0), 1% uranyl acetate (pH 4 . 9 , and 1% potassium phosphotungstate (pH 7.0).
Electron microscopy. The preparations were examined with a Philips model EM 301 electron microscope (Philips, Eindhoven, The Netherlands) operated at 80 kV, and the micrographs were taken on Kodak type 5302 film. The magnification was calibrated by using a grating replica (2,160 lines per mm). Table 1 shows the designations and sources of the 39 B . stearothermophilus strains used in this study. Of these 39 organisms, 24 were isolated from beet sugar extraction plants (F. Hollaus (Fig. I) , have been characterized previously by numerical taxonomy procedures (lla, 14), using the key recommended by Smith et al. (39) . The strains tested for 52 unit characters showed similarity coefficients of at least 84% (Fig. 1) . The other 15 strains studied (Table 1 and Fig. 2 ) included 6 strains from type culture collections 'The SDS-PAGE patterns of the SDS-soluble cell proteins of the 39 B . stearothermophilus strains listed in Table 1 are shown in Fig. 1 and 2 . Despite the taxonomic similarity of the strains considered in Fig. 1 , the protein patterns in the electrophoretograms reveal considerable heterogeneity . In most patterns the highest-molecular-weight band shown represents the major component. By comparing a few of these patterns with the electrophoretograms of both the cell wall preparations and the guanidine hydrochloride extracts of the cell walls (34, 38) of the corresponding organisms, we concluded that these highest-molecular-weight bands represent the S-layer proteins.
RESULTS
For illustration, the characteristic protein patterns of the cell wall and S-layer preparations from a selected number of strains are shown in Fig. 3 . This slab gel also demonstrates that the S-layer protein(s) represents the major cell wall protein(s). The S-layer of strain NRS 2004/3a yielded four protein bands (Fig. 2) . The 93-kilodalton band was the major component, and, compared with the three weak, highermolecular-weight bands (120, 147, and 170 kilodaltons), this band did not stain with the periodic acid-Schiff reagent. Cell wall and S-layer preparations isolated in the presence of protease inhibitors revealed identical patterns of bands. The S-layer preparations of strain ATCC 12980' gave two protein bands (120 and 125 kilodaltons), whereas the S-layers of all other strains examined (Table 2 ) correlated with a single band. With the exception of the three high-molecular-weight S-layer bands of strain NRS 200413a and the S-layer band of strain PV72, the S-layer bands of all other organisms gave ambiguous periodic acid-Schiff reactions. Clear differences with respect to both molecular weight and the amount of Slayer material solubilized during sample preparation were observed ( Fig. 1 and 2 ). As summarized in Table 2 , the apparent molecular weights of the S-layer promoters varied between 83,000 and 170,000 (the gels used for determining apparent molecular weights are not shown).
The electrophoretic protein profiles of 12 strains exhibited only weak S-layer bands or no S-layer bands after protein staining ( Fig. 1 and 2 ). When the isolation was performed in the presence of inhibitors of proteases, increases or changes in the apparent molecular weights of these bands were not observed. Strains 20-M, 21-M, E23-66, and E36-66, which yielded no protein bands or only very vague protein bands in the range characteristic for S-layer bands, clearly displayed lattices in freeze-etched preparations and well-defined Slayers in thin sections cut perpendicular to the cell wall (Fig.  4d) .
Freeze-etched preparations were also used for identifying the type of S-layer lattice and the center-to-center spacing between the morphological units ( Table 2) . With the exception of strain PV72, which had a hexagonally ordered S-layer (Fig. 4c) , the strains displayed square (Fig. 4a) and oblique (Fig. 4b) lattices. As Table 2 shows, the dimensions of the oblique and square lattices comprised two clusters, with average dimensions for the square lattice of approximately 14.0 and 10.6 nm and average dimensions for the oblique lattice of approximately 11.6 by 8.6 and 8.4 by 5.6 nm.
The negative-staining techniques used in this study frequently gave no indication of a periodic cell wall surface structure. The S-layers that were clearly visible in freezeetched preparations frequently had a random granular appearance on negatively stained images. With some S-layer or cell wall preparations the structure of the periodic arrays was better preserved by including the chemical fixation step in the negative-staining schedule.
Exponentially grown cultures of all of the strains listed in
On: Thu, 03 Jan 2019 13:20:12 VOL. 34, 1984 PARACRYSTALLINE CELL WALL SURFACE LAYERS 207 Center-to-center spacing of the morphological units in the lattice (from freeze-etched preparations). M , values represent the means of three independent determinations. Isolated in the presence of protease inhibitors. Table 1 were equally susceptible to lysozyme. This was confirmed by the decreases in the optical densities of the bacterial suspensions and by light microscopic observations, which revealed no intact cells 30 min after lysozyme was added to the cultures.
types of lattices was previously described in a study on the Slayers of Pseudomonas acidovorans, which showed that this gram-negative species includes strains with hexagonally or tetragonally ordered arrays (16, 17) . On the other hand, in a study on the taxonomy and fine structure of hyperthermophilic, saccharolytic clostridia (C. thermosaccharolyticum and C. thermohydrosulfuricum), it was demonstrated that the type of S-layer lattice is a characteristic taxonomic feature of each species (12) . In our experience the freeze-etching technique has been the most reliable method for detecting S-layers, particularly when no distinct, high-molecular-weight S-layer band is revealed by SDS-PAGE. The weak S-layer bands in otherwise well-defined SDS-PAGE protein patterns of whole cell extracts are probably due to poor solubility of the S-layer materials in SDS rather than to proteolytic effects, since the presence of protease inhibitors did not lead to changes in the intensities and apparent molecular weights of the S-layer bands. With most strains the paracrystalline arrays, although clearly visible in freeze-etched preparations, could not be demonstrated by common negative-staining techniques (in-
DISCUSSION
Paracrystalline protein or glycoprotein cell wall S-layers are very common features of procaryotic cells, including many species of the Bacillaceae (4, 6, 36, 44) . To obtain information about the distribution and uniformity of S-layers in B . stearothermophilus, a representative number of strains from distinct habitats, including six strains from type culture collections, were chosen for this study. Our results show that a great majority of strains possess paracrystalline cell wall S-layers and that the S-layers of the positive strains display remarkable heterogeneity with respect to the type oi lattice and with respect to the molecular weight of the constituent subunits. All three common types of lattices (square, oblique, and hexagonal) found in bacterial cell walls (36, 37a) cluding uranyl acetate, phosphotungstate acid, and ammonium molybdate). With some strains the periodic arrays could be visualized when the cell wall preparations were chemically fixed with glutaraldehyde before negative staining. Thus, the S-layers of B , stearothermophilus appear to be very delicate protein structures which are easily denatured or collapse under non-physiological conditions. Only the controlled dehydration of the frozen protein meshwork in the course of the freeze-etching procedure appears to preserve the paracrystalline arrays. In a recent study on the distribution of cell wall S-layers among 61 strains of B . sphaericus, the occurrence of strains with regularly and nonregularly structured S-layers was reported (44) . Since for the demonstration of S-layers unfixed cell wall preparations were negatively stained, it appears likely that the nonregularly structured S-layers observed were paracrystalline arrays that were denatured in the course of the staining procedure. This interpretation is supported by our observation that the subunits of the nonregularly structured S-layers are capable of reassembly into characteristic layers on both surfaces of the cell walls from which they had been removed. Such selfassembly and reattachment capabilities of isolated S-layer , the S-layer bands gave no clear positive periodic acid-Schiff reaction does not exclude the possibility that the other paracrystalline arrays are composed of glycoprotein subunits. The negative periodic acid-Schiff reaction may be explicable simply by the presence of short or branched carbohydrate chains or by the fact that only few cis-diol groupings are present in the carbohydrate residues, which are known to be attacked more rapidly than the trans-diol groupings (5) .
Relatively little is known about the specific functions of Slayers. Because of their surface location and the fact that they completely cover the cell, it can be assumed that they must play an important role in the interaction between the cells and their environment (4, 36) . The biological significance of S-layers is further indicated by the fact that, in order to maintain these outermost envelope layers, a particular protein (or glycoprotein) species has to be produced in larger amounts than any other class of protein in the cell. Like other bacterial surface structures, the ability to synthesize S-layers can be lost under laboratory conditions which do not mimic the natural, and consequently competitive, habitats. Such selection phenomena may explain why nine strains that lacked the ability to synthesize S-layers were identified in this study. The reason for the heterogeneity in S-layers among different strains of B. stearothermophilus and the biological significance of this observation cannot be fully explained yet, It is tempting to speculate that despite this diversity the S-layers of all of the strains examined perform similar functions. By analogy with other bacterial surface structures (e.g., lipopolysaccharides of gram-negative species), the S-layers appear to be nonconservative, macromolecular structures which co-evolutionarily adapt to the changing environmental pressures of the particular habitat of the organism.
Considering Slayers as protective coats that limit or prevent the passage of hostile components or attack by natural predators, it is interesting to observe that the Slayers of all of the B. stearothermophilirs strains examined are permeable to lysozyme. This shows that the pores in the protein meshwork are at least 3.5 nm wide (26) . Our observation makes it likely that the S-layers of B. stenrothermophilus have a function different from protection of the cell wall from lytic enzymes, as suggested for S-layers of Sporosarcina ureae (40) and other gram-positive bacteria (32, 34) .
Our results also strongly indicate that paracrystalline protein layers on gram-positive organisms are not involved in determining cell shape, as suggested by Hastie and Brinton (10, 11). The cells of the B . stearothermophilits strains with and without S-layers which we examined in this study displayed identical dimensions, and, as previously shown, the induced loss of the ability to synthesize S-layer in strain PV72 did not lead to changes in the overall morphology of the cells (37; J. Eder, Ph.D. thesis; Universitat fur Bodenkultur, Wien, Austria, 1983).
